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ABSTRACT 



A study has been made of the angular distributions ob- 
tained in the (a,a) and (ci,a*) interactions on Li®, and 

Kg £4. The M.I.T. cyclotron was utilised to obtain the 31.5- 
K«v alpha particles used in the bombardment of these target 
materials. Separation of the alpha particles from other prod- 
ucts of the alpha induced reactions was accomplished by the 
use of & particle selection technique developed at the cyclotron 
laboratory. This equipment permitted, the detection of groups 
of inel&stically scattered alpha particles which were identi- 
fied with known level© of excitation of the target nuclei. 

Inelastic angul&r di stributions were obtained for the 
following interactions: 

Li 6 (a,c*«)Ll 6 * q * ~£.19 Mev C 1£ (a,a«)C 1S * Q * -7.65 Kev 

Li®(a,a»)Li 6 * Q • -4.5 Mev Hf® 4 (a,a«)Hf £4# Q * -1.3? M*v 

C 1 £ (a,a»)C U * Q * -4.43 Mev Kg* 4 (a,a»)Hg £4 * W * -4.12 Mev 

The experimental results &r© shown to be in agreement with the 

angular distributions predicted for a direct surface interaction 
model . 

The angular distributions of alpha particles elastically 
scattered by Li®, C+%, and natural Mg were also obtained. These 
data lend support to the increasing evidence that the nuclear 
elastic scattering of charged particles can be interpreted in 
terns of an optical model represented by a complex scattering 
potential* 

In addition, it was determined that the excitation of iso- 
topic spin prohibited levels in Li® and in occurred with a 
probability of less than about 5 percent that observed in the 
excitation of isotopic spin allowed levels of the same nuclei. 
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INTRODUCTION 



It hrs long been rccogni ea that & direct experimental 
study of the scattering of charged particles by atomic nu- 
clei provides a valuable source of information concerning 
the force field of the nucleus (El) « Subsequent to the 
classical investigations of Huth^rfor-J (Hi) and Geiger and 
Mv.rsden (05), the alpha particles from radioactive substances 
were used intensively in studying this and other nuclear 
properties (Bf, R3, Dl). A renewal of interest in the scat- 
tering of alpha particles has been occasioned by the high 
energies to which they may be accelerated in the various 
types of particle accelerators. The stable 31.5-Mtr high 
intensity alpha-particle bean, recently obtained at the 
H.I.T. cyclotron, has proven to be of great value in extending 
the scope of these investigations. 

The primary object of this experiment is to obtain in- 
formation concerning the inelastic scattering process. Rel- 
atively little data are available concerning the (u,a») 
interaction due to the experimental difficulties involved. 

The presence of elastically scattered alpha particles, as 
veil ac the reaction products from the (a,p), (u,d), and 
(a,t) interactions, makes identification of the lnelssticaliy 
scattered particles a major problem. This difficulty is 
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overcome by the lire of s particle selection teclmi^uo 
developed by Aschenbrenner (Al) . After suitable choice of 
target material (see ..ee. I1IC), this technique permits the 
observation of teparate alpha particle groups, et ch of which 
c&n be identified with a specific level of excitation in the 
target nucleus. The angular distributions of the inelasti- 
cally scattered alpha particles can then toe compared with 
those predicted b>* a theoretical treatment of the scattering 
process, 

Nuclear interactions were, until recently, generally de- 
scribed by the compound nucleus co&el for nuclear reactions. 
This model was emphasized by Bohr in 1936 and has since been 
verified for © large class of nuclear reactions. It is as- 
sumed that when a target nucleus is bombarded by © charged 
particle, the two coalesce to form a compound nucleus in a 
state of excitation determined by the energy of the bombard- 
ing particle. A strong inter, ction between all the nucleons 
in the compound nucleus is assumed $ the incident ptrticle 
loses its independent identity and the total energy of the 
excited compound nucleus is shared in some vey by oil the 
nucleons present. It is postulated that the properties of 
the compound nucleus are independent of the mode of formation. 
Dissociation can occur in a great number of ways and compe- 
tition among the various modes of dissociation does not 
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depend on the msnr.«r in which the compound nucleus was 
forced. Decent evidence has indicated th- v t nuclear excita- 
tion may occur by processes which do not involve the forma- 
tion of a compound nucleus. The results of the present ex- 
periment are not compatible with on y jcovn theory based on 
the compound nucleus interaction fttsdei. 

Three interaction models are currently used to describe 
the excitation of atomic nuclei which results from a bombard- 
ment by charged particles (PS) . 

1. The statistical theory for nuclear reactions was 
proposed in 1940 (W4) and numerous experiments were designed 
to test its validity. Many of these experiments supported 
the theoretical predictions (B3, S4, DP), However, numerous 
reports such as those compiled by Cohen (Cl) have disclosed 
discrepancies which are not explained by the statist! cel ap- 
proach. This theory, whose model is the formation of s com- 
pound nucleus, predicts angular distributions which are sym- 
metric about 90 degrees in the center-of-mas* coordinates 
(H3) if: 

(a) the excitation levels of the compound nucleus 
are so closely spaced that they may bo treated 
statistically or, 

(b) the levels are so widely separated th?t only 
one excitation level in the compound nucleus 
is involved in the interaction. 
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the angular distribution 



In certain special circumstances, 
need not be symmetric about 9C degrees in reactions involving 
fo motion of a compound nucleus, 

2, A second model (Hi, M3) is tired to describe & reac- 
tion in vhich the target nucleus is excited through an elec- 
tromagnetic interaction with the incident charged particle. 
The theory predicts angular distributions vhich depend on 
the energy of the incident particle and the multipole order 
involved in the transition. 

3* As early as 195£ it was proposed (Ml) that a model 
involving a direct interaction at the nuclear surface could 
be used to explain some of th® experimental results vhich 
were not explained by either of the preceding theories. This 
concept was used with some success in studying the angular 
distributions obtained in (n,p) and (n,a) reactions. The 
theory (A4) is analogous to the deuteron stripping calcula- 
tions of S. T. Butler, sad predicts the differential cross 
section for a reaction in which the residual nucleus is ex- 
cited to a specific level. The angular distribution of the 
reaction products depends on the angular momenta and parity 
of initial and. final levels of the residual nucleus. This 
direct interaction model, with certain modifications, has 
been used by others (B5, Ci , Gl, Hi) in explaining experimen- 
tal results which are not in agreement with the compound 
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nucleus or electric excitation novels# decent evidence of 
a direct interaction in the inelastic scattering process is 
illustrated in the Fe^®(p*p , )F’®'^* data obtained by G. Echrank 
et al. (sr) • The inelastic alpha-?? rticls angul. r distribu- 
tions obtained in the present investigation , ive strong sup- 
port to the direct interaction process of nucleor excitation. 

The properties of two of the nuclei chosen for investi- 
gation in this experiment permitted & test of the applicability 
of the isotopic spin selection rule in the (a,a*) interaction. 
One of the conclusive verifications of the charge independence 
of nuclear forces is the validity of this selection rule in 

nuclear reactions (A5). Since the alpha particle and the 

6 U 

ground levels of Li and N all have T ~ 0 e according to 
the isotopic spin selection rule the low-lying T “ 1 levels 
of these nuclei should not be excited appreciably. The prob- 
ability of excitation of these forbidden levels is compared 
experimentally with the probability for excitation of the 
allowed levels in the same nuclei to obtain a measure of tho 
validity of this selection rule. 

The angular distributions of alpha particles elastically 

6 Y r> 

scattered by Li , C and natural Kg were also obtained in 
this investigation, numerous experiments have been performed 
to .observe the elastic scattering of alpha particles by light 
nuclei (I>7, F3, R4, V5) . Deviations from coulomb scattering 
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at angles greater than nbout degrees were noted in these 
data but no ant lyses of the observed structure were a tie- .pteu. 
The angular distributions of elastically scattered protons 
(F3) exhibited a structure suggestive of a diffraction phenom- 
enon. Using the optical model for nucleon scattering and fol- 
lowing the method of Feshbach et al. (F'O, t theoretical an- 
gular distribution was obtained (r\) which compared, favorably 
vith the experimental data. Recent progress in interpreting 
data (B6) obtained in the elastic scattering of aiphr particles 
from heavy nuclei (FI, W3) has revived an interest in the 
elastic scattering by light nuclei. Diffraction patterns 
obtained in the elastic scattering of alpha particles by 
light nuclei have been compared vith the diffraction of light 
by an opaque disc (El, T5i) and b, an opaque sphere (F9) • In 
the present investigation, the elastic alpha-particle angu- 
lar distributions also exhibit a structure similar to that 
which occurs in optical diffraction. These experiment*! re- 
sults are compared with the diffraction of light b rn opaque 
sphere and this interaction model is shown to be consistent 
with the model employed to describe the inelastic scattering 
data. It is also shown, however, th* t the elastic angular 
distributions are not incompatible vith the theoretical pre- 
dictions for scattering by a squire veil potential. 
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A. CXCLQTRGK AND EMERGENT BEAM 



The high-en«rg, alpha particles used in these experi- 
ments were produced in the M.I .T. cyclotron (LI) by accel- 
erating doubly ionised helium a tons to an energy of approxi- 
mately 31*5 Kev. The cyclotron is surrounded by 4-foot thick 
concrete vails vhich act a© © radiation shield for personnel 
and reduce the background radiation in the scattering chamber. 
The scattering chamber is located in an adjacent room which 
has £-foot thick concrete walls providing protection from 
radiation originating in the chamber. By scans of a focusing 
magnet located in the main cyclotron vault, the external beam 
is directed into the scattering chamber through a tube which 
passes through the vails of the main vault. This tube con- 
tains a series of tantalum baffles to prevent small angle 
scattered particles from reaching the target, and a defining 
and anti scattering slit system at the scattering chamber en- 
trance. After passing through the target, located at the 
center of the scattering chamber, the bears terminates in the 
Faraday cup in the beam catcher. The adjustable focus magnet, 
remotely controlled from the outside area, is set for maximum 
beam current in the Faraday cup as measured by a sensitive 
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rsicrorrmseter. The focusing &yr.tr produces &t the center of 
the target a snot which is lA in. vide 5/1C in. high* 

The foil changer contains a series of aluminum absorbers 
which can be inserted in or reroved, fro n the be?;', pr t a by 
remote control, when it is desirable to vr ry the bean energy. 

/ schematic diagram of the cyclotron and scattering charter 
is shown in Fig. 1. 

B. 6CATT2R1KG CUMBER 

A photograph of the scattering chamber, previously de- 
scribed by Haffner (HI), is shown in Fig. f. The min fea- 
tures of this chamber ares 

1. The chamber contains mounting arms for two counters. 
Each arm can be rotated from 0 degrees to +175 degress, with 
an accuracy of +0.1 degree. This provides verszitility in 
that the arrangement is excellent for pirticle-y coincidence 
measurements and for angular correlation studios. 

£• The target holder has a capacity of four end can he- 
ro ta ted through 360 degrees. Target choice and angular posi- 
tion can be controlled remotely from the outside area. The 
target holder can be raised into the bell Jar hydraulically, 
in which position the scattering chamber is sealed off, snd 
completely isolated from the bell Jar. Targets c- n be changed 
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Figure 2 
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without affecting the sc* ttcrin" chi ^b«r vrcuiru* in s'ddltiwi, 
sn evaporator is contained in the bell i « r p raiiting targets 
to be siade and subsequently bombarded vithout exposure to sir, 

3. The angular position of counter eras and target is 
measured by bridge circuits which contain precision helipots. 
This provides the positioning accuracy of 0,1 degree previously 
mentioned, 

4* The angular position of coimtcr r. rn or target and 
the choice of target can be controlled remotely from the out- 
side area. In addition, these functions can be controlled 
fron within the scattering chamber vault end the plexiglaa 
windows permit visual observation of the see tiering chamber 
interior, 

C. BE/M MONITOR 

The beam monitor consists of & scintillation counter 
mounted in a port, at an angle of 45 degrees from the incident 
beam, between the scattering chamber and the beam catcher. 

At this point a thin gold foil is fixed in the bears at an 
angle of 45 degrees, so that only particles scattered 45 
degrees by the gold foil are '“seen” by the monitor counter. 

During the conduct of this experiment, the monitor dis- 
eliminator was set so that the monitor scaler only counted 
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the elastic elphfc pf rtieloa scattered at 45 degrees by the 
gold foil* The optics of this counter is sinilsr to that 
described by Stoddart and Gove (91) * The scintillation 
counter consists of a Dumont $f91 photoaultiplier tube and 

a plastic* scintillator. 



D. PARTICLE SELECTIVE COUNTER 



It is a veil established, fact that the specific energy 
loss in traversing setter of a nonrels-tivistlc heavy pi r tide 
of a given energy is dependent upon its mess. The expression 
for the specific energy loss given by Livingston and Ret he 

(Lf) can be written 



dE .. 1n ,4xZs 
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dx *E *** v HI 
where 2e, M, and E are the charge* cess* and energy of the 

incident particle, Nz and I are the number of electrons per 

3 

cb and the average excitation potential of the atom of the 
material traversed, end m is the electron mass, for a given 
substance, N, z, m, and a are constant and the logarithm 
term is practically constant over the energy range under con- 
sideration. Therefore to e good approximation, for nonrela- 
tivistic particles the above can b® written 



47 Felton ffcreet. 



* Pilot *B P - Pilot Chemicals, Inc., 

’.alth&as, Mats. 
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Sheri, if both 



where K varies only slightly with energy# 
dS/dx and the total energy 2 sro known, the mass M of the 

particle can be determined.# 

A particle selection technique has been devised by 
Aschenbrenner utilising the above principles, Iht detector 
consists of two scintillation counters, e,*ch using a Dumont 
6291 photomultiplier tube (Fig, 3). The first crystal is a 
thin plastic (Pilot *B") scintillator which measures the 
initial specific Ionization of the incident particles. The 
second is a thallium-activated sodium iodide crystal which 
measures the remaining energy of the particles after travers- 
ing the thin scintillator, The pulse height from the first 
photomultiplier is proportional to dE/dx since all particle® 
traverse the same thickness of plastic scintillator, .After 
amplification and pulse shaping, pulses from the tv.o scintil- 
lators arc added electronically to give a resultant pulse 
height proportional to the initial total energy £ of the in- 
cident particle. The dE/dx and total energy E pulses are 
than multiplied electronically to give an output pulse pro- 
portional to 
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Theoretically then, these product pulses should occur 
in the ratio of 1:8: .3; 10 for incident proton#, deuterons, 
tritons, and alpha particles of tie srjia energy. Due to 
the nonlinear response of the plastic and sodiun iodide 
scintillators, and other effects not considered in the ap- 
proximations made, the observed ratio of pulse heights de- 
viates somewhat from this theoretical ratio* However, since 
these pulses are used only to identify the reaction products, 
the deviations do not interfere with the particle selection 
technique. 



E. ELECTRONICS 

The functions and over-all method of operation of the 
electronic equipment will be described for completeness* A 
detailed description of the electronic components including 
circuit diagrams has previously been described by Aschenbronner 

G«i) • 

Pulses from the two photomultipliers feed directly into 
c thode followers (Wl) mounted on the counter arm in the 
scattering chamber. The output signals arc then fed to pre- 
amplifiers located in the scattering chamber vault. These 
three-stage preamplifiers invert the signals end the pulses 
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are then conducted to the electronic apparatus located at 
the outside experimental area. Here, of ter suitable pulse 
shaping end linear amplification, tho t.vo output pulses 
are added electronically. This is accomplished by feeding 
the pulses into the grids of e. double triode end superposing 
the plate currents through a coa» on plate resistor. The 
adder output pulse is then fed to one side of the pulse 
multiplier. The shaped amplified pulse from the plastic 
scintillator provides the second input to the multiplier. 
Multiplication is accomplished by at 5 x 5 array of matched 
6BK6 tubes whose characteristics are such that tho plate out- 
put pulses arc proportional to the product of the pulses fed 
into the two grids over a range of 0 to If. 5 volt~>. Photo- 
tube high voltage and amplifier gain must be such that the 
multiplier inputs do not exceed this range. The multiplier 
output then consists essentially of pulses of three height# 
corresponding to the alpha particles, deuterons, and protons 
entering tho counter. 

Tho information obtained from the particle selective 
counter is displayed on an oscilloscope to permit visual ob- 
servation during adjustment of electronic components. The 

r> 

multiplier output pulses, proportional to 2 M, are fed through 
a single channel pulse height analyser and a coincidence 
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circuit to the ¥ axis of the oscilloscope. The shaped 
amplified Js'&I scintillator pulses, proportional to particle 
energy, provide the input to another single channel pulse 
height analyzer, then feed through the coincidence circuit 
to the X axis input* The coincidence circuit ensures that 
only those counts are registered which re sit It from pulses 
occurring simultaneously et the two analyzer inputs. In 
addition, the coincidence pulses operate a trigger circuit 
which operates the intensifying control in the oscilloscope. 
Thus a particle which traverses the plastic scintilla tor and 
is stopped in the Nal crystal registers as a momentary spot 
on the oscilloscope face, the ¥ position indicating the cu,ss 
and the JC position the energy of the particle. 

By visual observation of the oscilloscope face, the win- 
dow width and bias of the pulse height analyzers can be set 
to exclude all but particles of a given mass, or all but 
particles of & givers enorg> spread. This, of course, includes 
the possibility of counting all particles of » given mass and 
any energy or particles of any mass but with an energy which 
lies in a specific energy interval. Figure 4s is a photo- 
graph of the oscilloscope face shovdng the nass and energy 

12 

spectrum of particles emitted from a C target tuider bom- 
bardment by 31.5-Mev alpha particles, observed at an angle of 
17 degrees from the direction of the incident bears. 



The proton 
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spectrum appears as e low— energy continuum with four dis- 
tinguishable hlgher-energ, groups of vnich the highest is 
the most intense. Three septrf te deutsron groups and four 
«*eil separated alpha-parti eie groups are seen. 

\Jhen the bias level and window width of the analyser fed 
by the multiplier are set to exclude all but pulses due to 
alpha particles, the spectrun appears as shown in Fig. 4b. 

This energy spectrum is then scanned using a method in which 
a single channel pulse height analyser performs the function 
of a fO-channel device. By use of an external battery box, 
a bias range, chosen to include the desired range of pulse 
heights, is applied to a voltage divider consisting of LG 
precision resistors. The window width of the analyzer fed 
by the N&I scintillator is then adjusted to & value approxi- 
mately 10 percent great or than one- twentieth of the bias range 
chosen. This ensures a slight overlap in scanning the energy 
spectrum. A relay, actuated by the output from the monitor 
counter scaler, then steps the analyzer vindow through the 
FO individual bias voltage increments in turn, the number of 
pulses corresponding to each pulse height interval being 
counted in separate registers. The monitor scaler only counts 
the alpha particles elastically scattered at 45 degrees by a 
gold foil. Thus by using the monitor scaler to actuate the 
stepping relay ve ensure that eftc.i of the BO bias increments 
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3 deuteron 4 alpha-particle 
groups groups 

Fig. 4a. Photograph of oscilloscope presentation of »a« s-en«r gy 

1 *> 

spectrum of particles emitted from a C ** target bom- 
barded by 31.5-Hev alpha particles. 



Fig. 4b. Energy spectrum of alpha particles, thovn in Fig. 4a, 
obtained by pro, er adjustment of bias voltage of 
multiplier pulse height analyzer. 
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is observed for the suae length of tine in t^rns of total 
number of particle* in the incident benx. This autos* tically 
compensates for changes in intensity of the beu» during a 
given observation. The experimental assembly of equipment 
i s giovn functionally in. the block diagram of Fig, 5. 



Ill* PRELIMINARY CoN&XEERATlJMG 



A, BEAM ENERGY DETEHMI N ATI ON 



A 1.4-rail thicK natural lithium target va# placed in the 
scattering chamber perpendicular to the beam. The particle 



selective counter was then used to identify the two proton 
groups resulting from the reaction Li (a,p)Be x ^ « -P.56 
Kcv and Li (a,p)Be ^ * -5.94 Mev. It was experimentally 
observed that the intensity of these two groups varied con- 
siderably vith angle and that the ratio of intensities v&a 
sisallest et about 28 degrees. The counter was then set at 
£8 degrees end was used to obtain the energy spectrum of 
protons after they pass through an aluminum absorber placed 
in front of the counter aperture, t linear pulse generator 
was used to calibrate the single channel pulse height analyzer 
since zero bias on this analyzer does not correspond to zero 
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BLOCK DIAGRAM OF ELECTRONIC EQUIPMENT 






pulse height. Fcectra Including these two proton pe&ks 

<h> 

vere taken using aluminum absorber of thicknesses £ 74 ng/cis* 
ana 330 ag/em*'. 

If vt define £ and L , as the energies of the protone 
P p 

incident on the Kal(Tl) crystal iron the ground, and first 

1 P 

excited levels of Be respectively, then the bare, energy 
car. Do deter, -Inod by tho ratio E p /i2 p , since this ratio varies 
with bean energy SB shown in Fig. 6. The beam energy was 
measured at frequent intervals and the 6*1 raessurenents ob- 
tained approximate a normal distribution about 31.5 hev vita 
41 measurements falling inside one standard deviation. The 
error assigned in the energy determination includes the 
straggling effect in the absorbing material traversed. 



B. EKEROX RESOLUTION’ 

Since the particle selective detector consists of two 
scintillation counters it seemed advisable to determine the 
highest resolution attainable with the Ns, I (Tl) crystal and 
then to determine tho effect of introducing the plastic 
scintillator. The plastic scintillator was removed end the 
counter positioned at an angle of 30 degrees with the beam, 

A freshly cleaved KaX(Tl) crystal was used and extreme cr.re 
was taken so that the crystal had six perfectly cleaved sides 
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v'ith no risible inperfections of any *.ind, / thin (0, r 

Cj 

ng/cni* ) gold foil target was then positioned at on angle 
of 15 degrees with the beam to minimize the target thickness 
effect on resolution* By use of the linos r pulaer, the win- 
dow width of the Hal pulse height analyser was set to a mini- 
mum value which still gave a definite overlap, and the analyser 
was call bra tod over the f 0-channel range. The energy spectrum 
of alpha particles was then taken and the highest attainable 
resolution (full width at half maximum) was found to be 1.7 
percent. The plastic scintillator was then placed in position 
in the counter and the spectrum was taken again with identical 
electronic equipment settings. Under these ideal conditions 
of target thickness, target angle, and minimum window width, 
the best resolution attainable was found to be 3.8 percent. 

A working resolution of 4 percent was assumed which was 
frequently verified during subsequent experimental work. 

C. TARGET CHOICE 

The 4-percent energy resolution of the equipment imme- 
diately placed a limit on the number and chare ctcristics of 
the target nuclei to be studied. First of all, the excitation 
energies of the levels to be investigated must be known. The 
targets should not consist of compounds but of a single element. 
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xu-j presence of hydrogen contemn* tlon v*« permissible. 






however, since the elastic scattering of ®lpru r rticles 
from hydrogen does not occur at laboratory eagles gret ter 
than 14,5 degrees. 

Since it was desired to Investigate at least two excited 
levels in each nucleus, the first four energy levels must 
be separated at least by about l.£ Hev in order that they 
might be resolved. Also, depending on the relative positions 
of the excited levels of the stable isotopes, some targets 
must consist of a single isotope- to permit resolution of the 
inelastic alpha-particle groups. In addition, the isotopic 
spin of some of the levels must be known since it was desired 
to check the validity of the isotopic spin selection rules 
in these interactions, bith these restrictions in Kind, the 
nuclei chosen for investigation were Li^, C^, S^ 4 , and Kg*' 4 . 



D. TARGET PREPARATION 

All targets were 1 1/8 in. by 1 1/6 in. in sire, self- 
supporting, free of any becking Material end were mounted in 
aluminum target frames. It vas experimentally determined 
that a thickness of from 1*0 to f.O mile, depending on the 
target nucleus, gave the best compromise between an acceptable 
resolution and good counting statistics. Thinner targets 
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would Increase the statistical errors in & reasonable counting 
tisse and thicker targets made resolution of the separated 
a rticle groups less accurate. 

r;/ 

1. Tills vas the si? pleat target to obtain and 

prepare. A foil of 1.5 alls thickness, 93.8 percent pure 
magnesium vas commercially obtained.'* Surface oxidation was 
removed by lapping in jeweler* s rouge and the completed tar- 
get vac either kept under vacuum or in a dry sttnotphere. The 
percent abundance and level structure of the and Mg*’' 

is such that their presence in the target vss of no conse- 
quence in this experiment. 

6 

2. Li . The separated isotope was obtained from the 
Atomic Energy Commission in a pure metallic form. Targets 

of 1.0 to 1.4 mils thickness were formed by rolling the lithium 
between sheets of thin aluminum using «t set of rilcroceter- 
controlled rollers. The material was rolled under dried 
Nujol to prevent oxidation from exposure to air. The Kujol 
was removed by immersion in successive baths of thoroughly 
dried naphtha after which the lithium target was kept in a 
high vacuum. The targets maintained a bright metallic luster 
throughout their use indicating the absence of oxidation. 



* Magnesium foil obtained from k. 0. Macksy, Inc., 198 
Broadway, New 1’ork 38, K. 1. 
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1 1 1*5 

3* C ” . The negligible ■ erccr.t, go bur.o; nee of C 
permits the use of natural cerocn $ however, the* problem of 
preparing a cent ari i nen t- ? r « e self-supporting thin sheet of 
carbon of the size required was quite troublesome. Using 
a pair of hardened steel dies in a 4u-ton press, it was 
possible to for n f ,5-nil targets from a special spectroscopic 
graphite powder,* The resolution obtained with these tar- 
gets was relatively poor and they were discarded. 

After experimenting with several different colloidal 
graphite dispersions, the *Dag Ko, 154"** was found to be 
quite satisfactory, and self-supporting targets of from 0.3 
to 1,5 ails were prepared. Dag So, 154 consists of colloidal 
graphite dispersed in alcohol with a particle si?,© of 1 micron 
or less end a solid content of less than 10 percent, No con- 
taminant was experimentally observable using targets prepared 
from this material in the following manner. 

(a) The colloid is further diluted by the addition 
of two parts alcohol (isopropanol) . Using an 
artist* a air brush with a fine nozzle*** and a 



* Special graphite spectroscopic powder (suitable for 
nelleting) obtained from National Orbon Company. 

** Dag dispersion obtained from ycheson Colloids Co., Fort 
Duron, Michigan. 

*** Paasche type H eir brush and H3 nozzle obtained fror 3. 
L* Makepeace, Inc., Boston, Mass. 
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30 psi supply of cry nitrogen, the solution 
is sprayed so as to uniformly cover the face 
of a mirror on vhich a tain film of detergent 
hss been applied and thoroughly dried. The 
dry nitrogen causes the highly volatile Xiquie 
to solidify almost on contact and with practice, 
unifora layers of almost any desired thickness 
can be obtained, 

(b) An infrared heat l&np is used to thoroughly dry 
the layer and then the mirror is limner sed in 
water. The thin layer separ* tes fross the mirror 
floating to the surface of the water. The film 
is transferred directly to a target frame and 
dried under & heat lamp after vhich it is ready 

for use. 

14 

4. f» • This was the only target material used which 
could not be obtained in pure fora. The substance with the 
highest nitrogen content suitable for use as a target was 
found to be a melamine formaldehyde resin f, Helciac 404** 
which is a filler-free thermal setting plastic. It was im- 
possible to mould this material to less then 8 mil® thick- 
ness because the powder would set before sufficient pressure 



* Obtained from American Cy&nami d Company, Research Id vision, 

Stanford, Conn. 
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could be applied. However, seven 1 r i»ces of 4-rail thickness, 
resulting iron the "flash t? obtained in a bar mould, were lapped 
down to uniform thicknesses varying from 1.5 to r.O rails using 
various abrasives.# 



E. COUNTER ZERO ANGLE DETERMINATION 



A O.f-ng/cm^ gold target vas positioned perpendicular to 
the bean, the angular position being determined optically. 

With the cyclotron set to produce & steady beam in the scat- 
tering chamber, the energy spectrum of alpha particles scat- 
tered by gold was taken* Thin measurement was repeated at 
1.8 degree intervals as the counter vas rotated from an angle 
of approximately *35 degrees to 45 degrees on each side of the 
assumed direction of the beam. The intensity at each angular 
setting, as determined by the area under the elastic pe*.k, 
vas then plotted s gainst the setting of the 1000-division hell- 
pot which determines the angular position of the counter. The 
intersection of the curves taken on each side of the assumed 
bear, direction thus located the setting corresponding to sere 
angle as shown In Fig. 7. This measurement vas repeated at 
froc : uent intervals during the conduct of the experiment. 



* Obtained from the Plastics Laboratory, Nation*! Bureau of 
Standards, Vashlngton, D* C. 
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Figure 7 



IV. lilWOPlK. rhuC 



A. IDELTI FI C/.TIuK OF ALPHA Pi HTiCL 



jlx>l 



The theory an d method of operation of tne particle 
selective counter were outlined in Lee. HI). There is no 
difficulty in separating the alpha per tides from the pro- 
tons and deuterons resulting from the bombardment, figure 
8a, b, and c shove the complete mess-energy spectra, of par- 
ticles resulting from the 31.5-Kev alpha particle bombardment 
6 12 

of Li , C , and natural magnesium respectively, figure 9a, 
b, and c shows only the alpha particle spectra, obtained by 
proper setting of the bias level of the pulse height analyrer 
fed by the plastic scintillator. The energies of the separated 
alpha-particle groups must be determined in order to identify 
them as being associated with a given level of excitation in 
the target nuclei. 

The bias level of the plastic scintillator analyser is 
set to exclude all but alpha particles, as shown in Pig. 2. 

/ bias level and window width, chosen to include at least two 
alpha-particle groups, is set on the Kal(Tl) pulse height 
analyzer. The energy pulse height spectrum of the alpha-par- 
tide groups i3 then taken with the counter set at a forward 
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Photographs of 
oscilloscope 
presentation 
of S 2 £ss energy 
spectra of 
particles re- 
sulting from 
the 31.5-Mev 

alpha-particle 
bombardment of 
Cl 6 , C U , and 
natural Kg. 



Fig. 8s, Li 6 



Fig. 8b C U 



Fig, 8c natural Mg 
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Energy spectra 



Fig. 9a 



of alpha par- 
ticles shown 
In figs. 8a * 
b, and c, ob- 
tained by 
proper adjust- 
ment of bias 
voltage of 
multiplier 
pulse h sight 
analyzer. 
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r ngle chosen such thr.t the intensity r; tin of the groups i& 
snail* The target is then r**pl* cod by b L ol C foil of a;— 
proxinately equal thickness, Jn «g/cm% and the elastic peek 
of the alpha particles scattered by geiu it* obtained* kith 
no change in electronic settings, the effective iu channels 
of the Kal(Tl) single channel analyzer are calibrated using 
a linear pulse generator. The resultant positions of the 
alpha-particle groups, on a linear voltage scale, then cor- 
respond to the energies ox' the alpha parti cles &.t the *u*l(Tl) 
crystal. With the bees energy known, and assessing that the 
interaction occurs at the center of the target, the energy 
of the alpha particles elastically scattered by gold at the 
angle of the counter can fee computed, Ts/ use of range-energy 
curves, the resultant alpha-particle energy at the Nal(Tl) 
crystal is obtained and the energy calibration of the effec- 
tive fO-channel analyser is accomplished. Then by extrapola- 
tion through known range-energy relationships, the center-o re- 



target energies of the unidentified alpha-particle groups may- 
be found and the groups Identified with known levels in the 

target nucleus. Figure 10 shows the result of such a califers- 

6 

tion in the case of LI . The computed energies of the alpha 

6 

particles from the ground, first, end third levels of Li *11 
agree within f percent with the calibration against gold. 
Figure 10 also shows that excitation to the second excited 
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Figure 10 



(Bias volts) 



level has a n extremely low protibi lity oi occurrence 



B. ANGULAR nif'TRIBOTXufi MHAfUR; MLbTi 



To obtain an angular distribution 
number of alpha particles of a given 
to a specific excitation level of the 



one rails t sura the 

energy, corresponding- 
target nucleus, scat- 



tered ir.to unit solid angle et a given mean angle, over a 



specific angular range. All angular distribution measure- 
ments were made with the target normal set at an angle of 4 5 
degrees with the incident beers. This permitted observation 
of the entire forward quadrant without the necessity of ro- 
tating the* target. With the bits level of the p la® tic scin- 
tillator pulse height analyser ret to exclude all but alpha 
particles, as shown in Fig. 4b, the bias voltage range v* s 
chosen so that the resulting spectrum would include two peek 
As an example, intensity mec furenents of the alpha-particle 
groups corresponding to the elastic and first excited levels 
were included in one bias range. The peak corresponding to 
the first excited level was also included in the intensity 
measurement of the group corresponding to the next higher 
excited level, etc. This afforded & continuous check on the 
reproducibility of the measurement, on the linearity over 
the bies range, and on th® stability of the window width. 
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l>rl y in the expert: er*t it the t the intensities 

of the separated alpha -particle groups varied ru-pidly vith 
. ngle. To ensure the t none of the structure was missed, in- 
tensity measurements were node et s>ngul«r intervtls of 1.8 
degrees (5 helipot units). To prevent errors due to pulse 
i-ile-up in the multiplier circuit at excessive counting rotes, 
resulting frora the rapidly Increasing intensity of elastic 
,-lpha particles at forward angles, the incident beaxs inten- 
sity had to be decreased to a very low value (< O.ObGl micro- 
ampere) . As e result, one to three hours of steady operation 
were required to obtain a statistically significant cross 
section measurement at a forward angle. At large angles, 
where the scattered intensity was greatly decreased, consider- 
able tine was also required to accumulate statistically accep- 
table data. To ensure proper matching of curves to nuke up 
the total angular distribution, all partial curves obtained 
on different runs were matched over an angular region of at 
least 9 degrees, chosen so that the intensity permitted a 
rapid accumulation of data and the intensity variation with 
angle produced a well defined maximum or minimum to facilitate 
the matching. 

An initial energy spectrum, containing the desired alpha- 
particle group, was run vith the counter set at an angle of 
3J degrees. The spectrum was then taken at intervals of 1.8 
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degrees as far forward ms possible without hiving the particles 
enter the counter so rarldly that pulse pile- up occurred* The 
limit was determined to he 1000 particles oer second for a 
maximum acceptable counting error of 1 percent. The counter 
vas then repositioned at 30 degrees sne the spectrum verified 
with the initial measurement. Then the spectrum vy $ taken at 
intervals of 1,0 degrees j*s the angle wss increased to a value 
where the lowered intensity of the scattered group necessitated 
an increase in incident beaia intensity. The ?o«er level of 
the cyclotron was then raised, the counter rotated 0 degrees 
forward to ensure a match with the previous date at the old 
cyclotron power level, end the sea *ur events continued. The 
angle of observation vas increased in this way until the en- 
ergy of the alpha group under observation had decreased to a 
point where the peak could no longer be detected or until the 
time required for the collection of statistically acceptable 
data vas considered excessive. The cyclotron power level vas 
then decreased until the intensity was well below the initial 
value, spectrum was again checked at 39 degrees, and the for- 
ward angle measurements were made, decreasing the inciient 
beam intensity as necessary and requiring a match of the curves 
at each new power level. In addition to the numerous checks 
at 30 degrees and the matching over a 9-degree range, the 
spectrum vas also frequently checked at various angles on the 
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~'hi£ VOT-, fi*<X 



op oai ts si la of th® aero «.n.jle ;f tlu 'u.v< , 
t is taro ragla deter.Tdni' tio.i previously loser. 



e.i and leisured 



that no particles were scattered into t lit aperture froa the 
&s /metric snail angle scattering shield, X+ cb couplet* 
angular distribution was token at le< st two tines and the 
positions of maxima and aiiiiaa wore verified *.t least three 
additional tines for each distribution. 



'/hen the data for a complete angular distribution had been 
obtained, the counts recorded in the 10 registers wore slotted 
versus bias voltage for each angle of observation and the areas 
under the peaks corresponding to the identified alpha-particle 
groups were taken as a measure of their relative intensities. 

The areas under the peaks were measured, after graphic,*! resolu- 
tion where necessary, using a polar planiaeter. 

The cross-hatched areas shown in Figs* lo-lf correspond 
to the relative intensities of the indicated groups at the 
angle specified. The relative intensities were thus obtained 
as a function of laboratory angle, Thece data must be corrected 
for two effects before they arc subject to comparison with »ny 
theoretical interpretation, Cince the solid angle subtended 
by the counter in the particle or centcr-of-aa ss coordinates 
differs from the angle subtended in the laboratory coordinates 
and also varies with angle, the observed intensities must be 
corrected for this effect. In addition, the angles of observa- 
tion must be transposed from the libor^tory to the centcr-of-m&se 
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conversion curves are shown in X.-- por.dist X. The 
tributions ire thus ob trinod after the d;-t* hr vs 
roctad for there effects. The relative intensit 
are converted to an absolute differential cross 
method described in the following section. 
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been cor- 
7 nep surement* 
section by the 



c. crocs cccTioK uz*&mwums 



As described in fee. 1IC, the been monitor consists of 
o plastic scintillator which observes only the particles scat- 
tered at an angle of 45 degrees with the incident beam by a 
thin gold foil. The bias level of the monitor counter is ad- 



justed so that it count* only those pulses of & height cor- 
responding to the elastically scattered alpha particles. Since 
the monitor counter docs not measure the alpha-particle beam 
directly, the differential cross sections were determined by 
comparing the intensities of the observed alpha-particle groups 
with the intensity of the alpha particles elastically scattered 
by a gold target. Recent experiments (w£, £3) have shown that 
the elastic scattering of energetic alpha particles from heavy 
elements agrees with the coulomb differential cross section 
(Rl) at small angles. The angular distribution of 31.5-Mev 
alpha, particles elastically scattered from gold was taken over 
an angular range of from 14.8 degrees to 60 degrees, and 
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the nutjwrforci 



observed ..nten cities *«re foui.--t vu Agr*-.*e «iu, 



scattering a^a&tion, within ,; per tent, ox ck t- 3^ degrees. 
Accordingly, all Intensity comparisons u»eu tu determine 



absolute differoatiul crust suctions were #. t .n & les 

smaller than pj degrees. 



An energy spectrum wlJ.cn includes the desired tlpha- 
p&rticle group v»ss taker, at an angle of iu degrees as described 
In Sec. 1VB. The target under investigation mbs then replaced 
by a gold Coil of approximately the cam# thickness in r-g/cn • 
This limitation on the thickness of the gold foil is neces- 
sary for two reasons. The width of the peak in the energy 
spectra’s is dependent on the straggling effect in traversing 
the target and therefor© if targets of different thickness 
are used, the calibration made b. comparing the are? s under 
the peaks would not be correct. In addition, since soiae small 
fraction of the beam incident on the counter aperture under- 
goes significant small angle scattering by the plastic scin- 
tillator, a more accurate comparison is obtained if the scat- 
tered particles have traversed the sxa« effective scattering 
thickness of target material. Using the area under the clastic 
gold peak as a standard, the differential cross section of 
the alpha-particle group under investigation can. be expresses 
in terns of this standard as follows (kl) : 
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where 



-Sr » differential cross? section in rdllibarns/stemdisn- 
d iL 

atom in the laboratory coordinates 
C » area under the differential spectru* curve 
K » number of incident alpha particles 
A « atomic weight of target material 
T « target thickness In mg/ era' 

9 *= angle between target normal and direction of in- 
cident alpha-particle beam 

s = subscript indicates the values applicable to the 
gold target used as a standard 

The ratio K /N is determined by the ratio of scaling factors 

S 

used on the monitor counter. This, of course, assumes that 
interchanging the two targets does not affect the intensity 
of the beam incident on the gold foil observed by the monitor. 
The comparisons were made with both targets at the same angle 
which eliminated any error in the ratio cos <*/eos <p g , due to 
errors in the angular positioning of the target. 



D. BACK AKGL2 INTEKSITISe 

The report of e recent exoariaant (Rfc), involving the 

U> 

bombardment of C with ff’-Mev alpha particles, indicates 
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a strong jncxisnra at 15 j degrees in the rnguU r distribution 
of the inelastic alpha group corresponding to the 4.4 i-Xev 
excitation level in the target nucleus, tone ecu! pmnt 
notification vee necessary to investigate the intensity of 
alpha particles scattered i t back angles in the present experi- 
ment. 

A particle entering the aperture of the counter must 

Mb 

traverse tvo 1. 88-55 g/cnT aluminum foils, used as light shields, 
and a rS.t-ng/cr/ thickness of plastic scintillator, ss shown 
in Fig. G, before striking the Kal(ri) crystal. After trav- 
ersing this thickness of absorbing material, the particle must 
have sufficient energy remaining to produce a scintillation 
in the Kal(Tl) crystal which can be distinguished above the 
y-ray background, since chance coincidences between y rays 
and alpha particles ere appreciable at the low end of the en- 
ergy spectrum. As this investigation involves the bombardment 
of light nuclei with & relatively heavy particle, the decrease 
in energy of the inelasticsily scattered particles as the 
ingle of observation increases is qiiite rapid. The result 
of these consider' tions is that a limitation is placed cn 
the maximum cngle of observation permissible using this par- 
ticular method of particle detection. 

The plastic scintillator vac removed from the particle 
selective counter and only the U&l(Tl) scintillator was used 
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for particle detection. This eliminated f8. m-v'en' - of 
*jbsorbing *&teri®l end removed the previous limitation on 
the maxlsu- permissible an gle of observation. The sex iraum 
proton and doutcron energies and the energies of the alpha.- 

1 r 

particle groups resulting from the bombardment of & C 
target were computed over the angular r«,nge of from 90 
degrees to 180 degrees. The response of h'ol(Tl) to protons, 
doutorons, and slphr particles has been determined (Tl) , By 
using these response curves in conjunction vith Known range- 
energy relations (A?) it was possible to choose c set of 
eluaiinun absorbers such that the percentage change in pulse 
height, produced by inserting these absorbers in front; of 
the counter aperture, permitted identification of the par- 
ticle producing the pulse, over this 00-degree angular renpe. 

The three alpha-particle groups observed in the bombardment 

IP 

of C and previously studiod with the particle selective 
counter were identified using this method. Since these peaks 
were superposed on a background of protons, deuterens, and 
lov-energy alpha particles, the intensity measurements ob- 
tained were assigned en experimental uncertainty of 50 percen 
Nevertheless, by scanning the back angles, it was possible to 
ascertain that the differential cross section for scattering 
of any detectable alpha-particle group at angles greater then 
80 degrees was less than C .9 percent the value of that for 
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the .--round level at ? P degrees , 
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borns/storadian--? ton. From this appeared thet, at least 

1 fr 

in the case of C A ' , the scattering is primarily confined to 



the forward quadrant. 
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The data previously mentioned (Si, ?1) indie* te-d a very 

sensitive energy dependence in the angular distributions of 

l r 

Ff-Mev alpha particles scattered by C . In the present 
experiment, the bean energy was known to vary &s much as 0.4 
percent (HI) depending on the power level of the cyclotron. 
This is largely due to variations in the r.f. heating and 
the subsequent mechanical notion of the dees. The continuous 
reproducibility of date, regardless of the cyclotron power 
level, implied that this string energy dependence was not a 
factor in the present work. To verify the insensitivity to 
small changes in beam energy, angular distributions of the 
alpha groups corresponding to the ground, first, and second 

i <n 

excited levels in both C A and Kg* wore also taken with 
reduced beam energies of 30.9 Key end 30.4 Mev. The reduc- 
tion In energy was accomplished by insertion of 3.76-ng/em*' 
and 6.88-ag/crs aluminum rbsorbers in the beam. Angular 
distributions obtained at both energies fell within the 
experimental uncertainties of those taken at 31. 5 Kev. 
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-nly those sources of error vhich hr ve an apprecl«bl» 
effect on the experimental d„ to are saenti ~ned . Those ere 
discussed with respect to their effect on the experiment? 1 
measurements made. 

1* Errors in Particle t election . The separation of 
alpha particles from the protons end deut^ror.s from all of 
the targets studied ves quite satisfactory. Figures 8 and 
9 show this separation as observed on the oscilloscope free 
while Fig. £8 shows the pulse height separation in terms of 
analyzer bias. Due to the long resolving time required in 
the coincidence circuit, chance coincidences between alpha 
particles and y rays are possible. However, these chance 
coincidences ere appreciable only at the low end of the en- 
ergy spectrum where the y-r&y intensity is high (jil) . The 
individual alpht-p&rticlo groups were, in general, cleanly 
separated from each other. Thus it was \isually possible to 
graphically eliminate the chance coincidence rate by treating 
it as a continuous background over the specific lcv/-energy 
range where it occurred. This procedure is shown in Fig. 

11 where the cross-hatched area indicates the relative in- 
tensity of the alpha group corresponding to the ?.G5-hev 

level in Cl^ a f^ r background subtraction. 
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After con- 



krors m ■ can r.her&y ; ct^r; dnr 
aiders tion of ell the sources of error, it is estimated 
that the beau energy measurement is correct to well within 
+400 kev. This is approximately twice one standard devia- 
tion as indicated in the distribution of energy me&sureaent 
shown in Fig. 0. The sources of error in the determination 
of beam energy ares 

(a) Errors in thickness measurements of target, 
plastic scintillator, and aluminum foils in 
the counter, and the aluminum absorbers used 
in front of the counter aperture. These 
measurements were made by two methods. First, 
the thickness was measured directly with a 

<5 

vernier micrometer and converted to rag/ cm 4 " . 

Then the various materials were weighed using 

o 

an accurate analytical balance end the rag/ cm 1 "' 
thickness determined by dividing this weight 
by the cross sectional area. The estimated 
error in determining the thickness of the 
aluminum foils is +1.0 percent, but because 
those foils were extremely thin compared with 
the other absorbing material, this inaccuracy 
had ft negligible effect on the energy deter- 
mination. The thickness of the plastic 
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scintillator vas a«terrj.nod to -ithin to. 3 
percent but this Inx- ccur&cy is ^uit« small 
compared with the uncertainty in tha plastic 
scintillator range-energy relations. For the 
sane reason, the small error involved in 
determining the thickness of the aluminum 
absorbers say also be neglected. 

Errors in range-energy curves. The range- 
energy curves (AS) were determined as follows. 
The rate of energy loss was computed from, the 
theoretical formula (Lf ) . Range- energy V' lues 
vers then obtained by numerical integration 
of the reciprocal of this rate with respect 
to energy. Low-energy values were based on 
experimental date rather than theoretical 
calculation. Range-energy relations for the 
plastic scintillator were calculated by a 
method previously described (Al) • Dm to in- 
accuracies in these calculations, they are 
estimated to be correct within 4 percent over 
the range of proton energies incident on the 
plastic scintillator. This inaccuracy permits 
an error of +100 kev in the beam energy deter- 
mination. 
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(c) Variation in inoi -.eat b •>.«: energy. The 
aech&nical motion of the dees previously 
mentioned produced a variation of +115 k«v 
in the incident alpha-beam energy. 

(d) Error in £ t values. The proton groups used 
for this energy calibration were from the 
reactions 51 ^( 0 , 3 ) 20 ^ ana Li^(a,p)Be^ w# . 

The k values for these reactions (A3) are 
known to within TO kev and introduce a 
negligible error in the energy determination. 

(e) nonlinear response of N&l(Tl) crystals. 

Over the range of proton energies used in 
this experiment, the response of Mai (Tl) 
has been shown to be linear within J: percent 
(Tl) . This is a snail error compared with 
those previously mentioned. 

(f) Error in locating the center of the proton 
peaks. The full width at half maximum of 
the observed proton peaks was approximately 
500 kev. It was therefore possible to 
locate the maximum to within 5 j Kev. The 



nonlinearity of the pulsar used to calibrate 
the energy scale was determined to be negligible. 
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of the counter is determined b b 1 ncing t» bridge circuit 
whose variable element consists of & precision helipot con- 
nected to fcho arm on which the counter is mounted. Vi th 
this method of control, the counter angle can be set to vi thin 
+0*1 degree. The method described in Lee. XI1E for deter- 
mining the zero angle is believed to be correct only to vithin 
+0.3 degree. The finite area of the beam on the target per- 
mits a maximum angular uncertainty of +0.5 degree. The col- 
lective effect of these possible errors limits the precision 
of angles measured relative to the beam to +J.6 degree. Due 
to the continuous reproducibility of results, especially when 
measuring coulomb scattering in the sensitive region of the 



set relative to one mother to well vithin +0.3 degree. 

Since the target was initially set perpendicular to the 
bean by optical naans, a possible error of +f degrees is as- 
signed for this angular position. This error is insignificant, 
however, when the effect ox' the resultant error, a change in 
effective target thickness, is considered. In the few in- 
stances where the target angle was changed during an experi- 
ment, the correction for effective target thickness invariably 
fell within the statistical error of the data. 

4. in Relative Intensity Measurements . The most 

important error introduced in the me< sureaent of relative 




concluded that angles could be 
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intensities was the t c.ue to the method of coup*. risen. The 
area under a given peak was Measured b, & polar planimeter 
snd this sureisent is ectlae ted to be correct to within 3 



percent. Due to the snail area of the target subtended by 
the been, errors due to target thickness variations are es- 
timated to be less than 1 percent. Compared to the above, 
those errors due to monitor discriminator stability snd the 
inherent statistical counting errors are considered to be 
negligible. 

5. Errors in Cross fraction Measurement . As previously 
described in fee. C, the cross section measurement depends 
on a comparison of plotted areas which represent relative 
intensities. The standard of comparison was that area under 



a peak corresponding t^ a differential cross section for coulomb 
scattering. This standard. Intensity was always obtained in a 



region where the variation with angle followed the [sin^(ft/f.) 
relationship within statistical counting error Units. The 
assumption was made that in this region, the Rutherford dif- 
ferential crocs section formula (Rl) is correct. Then, con- 
sideration of the errors previously described in this section 
places an upper limit of +7 percent on the accxiracy of the 
differential cross section values. 
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The nuclei chosen for investigation afforded t,.-o oppor- 
tunities for observing the validity of the- isotopic spin 
selection rule in this experiment* In the reaction 
Li°(a,a*)Li J , excitation from the T « 0 ground level 
to the 2.19-Mev and 4.64 -He v levels, both of isotopic spin 
T « 0, are allowed since tho bombarding alpha particle is 
also T - 0. However, excitation to the T « 1, 3.57-Xev 
level is prohibited by this selection rule. Figure 10 shove 
the spectrum of alpha, particles, observed at an angle of jt 

8 

degrees, which results from the bombardment of a 1. 4-mil hi 
target. It is clearly evident that excitation of the 3*67- 
Kev level is almost entirely nonexistent. A study of the 
spectrum at all angles of observation indicates that exci- 
tation of this level has a probability of occurrence of less 
than 4 percent that of either of the tvo allowed levels which 
were excited, 

A similar investigation was made to determine the prob- 
ability of excitation of tho T - 1, 7 * 31-Xev level in 
compared with that of the X = b, 3.95-Mev level. The only 
target material suitable for the st\idy of nitrogen was melamine 
(see £ec. HID), which contained a high percentage of carbon. 
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Combined with the poor resolution ot the e^ui arena# the 

oroxisity or the excitation levels of carbon anu nitrogen 

did not perait taking clean angular distributions of tne 

14 

alpha particles scattered by ti . However# it was possible 
to place an upper licit on the excitation of one forbidden 
level as follows. Tne alpha-particle groups elastically 
scattered by carbon and nitrogen were unresolved as were 

if 

those groups corresponding to the 4.43-Hov level in C x " and 

14 

the 3*95-Mev allowed level in N . The unresolved peaks v*re 

calibrated# sc described in Sec. IVC, in terras of an absolute 

total differential cross section for both interactions. The 
12 

C cross sections# separately obtained using a pure carbon 
target of a thickness determined by the carbon content of 
the icelfi.35.ine target, were then subtracted out. By this ex- 
pedient it vat. determined that excitation of the isotopic 

T Z 5 

spin prohibited £.31-^ev level in K occurred with a prob- 
ability of less than 6 percent that of the allowed 3*S5-Kev 
level over an angular range of observation of from 14.8 
degrees to 64.1 degrees. 

Figure 11 shows the alpha-particle groups observed at 
an angle of 3£ degrees with the beam when a carbon target 
Is bombarded by 31.5-Kev alpha particles. The alpha particles 
elastically scattered by oxygen oont&nination of the target 
show up es a clearly separated group lust above the elastic 
C 1 * group. 
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The alpha-*'- article spectrum ehovn in Fig. 1' results 
from the 31.5-Bev alpha-particle bombardment of * ns turel 
magnesium target. The elastic peak includes the elastic 
scattering fro® all three stable oagnesiiaa isotopes vhiie 
the inelastic groups are due only to the individual isotopes 
indicated in the figure. 

The angular distributions of alpha particles scattered 
inelastieally by Li'"', C A ‘ , and Mg* are shown in Figs. 13- IS, 

The well defined maxima and minima are suggestive of a direct 
interaction, as discussed later in Fee. VI. The data of 
G. ichrank ®t al. (Si), obtained for the interaction 
Fe^Cp^pOFe 0 » show a similar structure and are inter- 
preted as indicative of a direct Interaction. The errors 
indicated in Figs. 13-18 include ell uncertainties affecting 
a comparison of relative intensities* khere no errors ere 
indicated, the uncertainty lies within the Units of the 
finite size of tha points on the curve. An additional error 
of r percent should be added to account for the uncertainty 
in absolute differential cross section values. The positions 
of maxima and minima for each observed inelastic angular 
distribution are indicated in Table 1. 

The angular distributions obtained for the elastically 
scattered alpha particles are shown in Figs. 19-il where the 
calculated coulomb cross sections are indicated by a dashed line. 
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Table 1* /Rgul*»r positions of at vim 

observed in the inelastic r.lpbc-prrticle un&'tlvr 
distri rations. 
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VI. BIwCnfglv/K UF HwSILTt 



A. IKELAlTIC scattering process 

The well defined structure evident in the inelastic 
Fngulir distributions of Figs. 13-18 is suggestive of the 
theoretical predictions for a direct interaction. This is 

more definitely indicated when ve consider that, in the case 

12 

of C , the cross section for scattering at angles greater 

than 90 degrees vr&s found to be negligible carp; red with 

the values observed in the forward quadrant. As mentioned 

in Fee. 1, there ere three processes currently accepted as 

possible mechanisms for the excitation of nuclei by charged 

particles. Predictions of the theory for each process, when 

compared with the experimental d* ta , should permit an estimate 

of the contribution due to each method of excitation. 

If excitation occurred by the formation of a compound 

i n o o 

nucleus, the nuclei involved would be B , 0 , end Si ' . 

/. study of the level spacing in these nuclei (A3, Ef), at 
the excitation levels involved, clearly indicates that a 
statistical treatment is not valid. Even if ve did assume 
that the statistical theory was eyclieable, any reasonable 
level density function (?^6) predicts inelastic scattering 
cross sections much smaller then the observed values. 
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from a coni, id a re lion oi uui ©urrg, spro d in th incident 
bears, it is aleoap-.* rent th'-t the inter ctions could not 
involve the excitation of only r single Iv/el in the compound 
nucleus. The possibility still exists thr t tc. angular dis- 



tribution which is not symmetric shout 10 degr-i«s in the 
center-of-rsass coordinates could result from & compound nuclei 
interaction (h3) • Ho' ever* the experiments! angular distribu- 
tions were shewn to be insensitive to significant lunges in 
beam energy. It is concluded that no contributions to the 
observed angular distributions from compound nucleus inter- 
actions were experimentally observable. 

It is assumed that a contribution to the observed cross 
sections due to electric excitation would not be of sufficient 
magnitude to permit detection. This assumption is believed 
to be valid for the following reasons. 

(a) Th© electric excitation mechanism is most im- 
portant when the bombarding energies are below 
the coulomb barrier, a condition not fulfilled 
in this experiment. 

(b) For bombarding energies above the barrier, the 
electric excitation effect would irobab'ly be 
masked by the 1 rge nuclsc r scattering (K4, 
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(c) If we optimise conditions of bomb#, ruing mergy 



and orcer of multipole moment involved, the 
theoretical sAxiau* total cross section for 
electric excitation is less than most of tn« 
differentia^ cross sections obtained for ex- 
citation of the individual levels observed. 

The early direct interaction models (B5, Gl) had consider, ble 
success in explaining experimental angular distributions des- 
pite their somewhat crude approach. A theory based on the 
Born approximation (HP) was quite successful in explaining 
the (d,d») angular distributions obtained in excitation of 
the 1.33-Mev level in Kg*"' • The recent theory of /us tern et 
al. (A4) proposes & mechanism by which the reaction proceed* 
bv a direct interaction between the incoming particle i nd 
one of the nucleons at the surface of the nucleus rather then 
with the nucleus as a whole. The theory predicts a differ- 
entielcross section for & reaction in which the residual 
nucleus is left in an excited state. The theory given in 
the following section closely follows this treatment and vas 
derived (R5) in an attempt to explain the inelastic angular 
distributions obtained in this experiment. 
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3. THEORETICAL ANGULAR DISTRIBUTION AND COMPARISON v.'ITK 



EXPERIMENT 



The cross section for the interaction can be written 



do _ 1 Y. 

d £1 2J + 1 M,M 






where ve have averaged over the Initial (unprimed) magnetic 
quantum numbers end summed over the final (primed) ones. 
Using the Born (plane wave) and impulse (unperturbed nuclear 
states) approximations (C3) 



V,H (0) = / dr i "• VCl’.A)'!/ J(M «£ 

in which ve have assumed that the spinless alpha particle is 
a point particle, \J/ j ^(a) and v|/ (A) are the initial 
and final nuclear states and the exchange of particles is 
neglected. To conserve angular momentum the alpha particle 
must undergo a change in angular momentum equal, and opposite 
in direction, to that of the nucleus. In other words, J, J*, 
and H must satisfy the triangular inequalities 




J + J* > J 
J + / £ Ji 
J » + ^ > J 



Another selection rule, which results from a consideration of 
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parity, is that l is odd for a nuclear rity change end 

is even if the nuclear parity is unchanged in the reaction* 
To see the results of the above, ve abandon the inde- 
pendent particle model of the nucleus and consider the nucleus 

as a whole* Then 



= dr,; V(r - ip f Jl .(p6 lk ' r 

■ •J'/'Vh* ( p -I'jmCP <5 1(ir -^ 5 « £- 11? - 1 V(T) 6**» 



vhere x = r - r«j. Ve set V(x) * V Q S (x) , and expand the plane- 
wave obtaining 



** V 0 * l) f d T|j \f/* j y g , » ( J (**g } ( h Ij| ) i 

where X * I k - k * I ® vL*” + - fkk* cos * and ft** the 

selection rule previously discussed, /is restricted to the 
^triangular values”. Separating angular and radial integrals 



#2 



= /*,* dr K r«(pf(pj ,(*!>„) 

^ R 



where ve restrict the integration to the region outside the 
nucleus. If the integration includes the nuclear volume, 
the resulting angular distribution has much too little struc- 
ture to be compared with the experimental data (T3) . By 
assuming that the alpha particle does not penetrate the 
nucleus we imply a direct ^surface* interaction. 
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If the nuclear w?.ve function 



off sufficiently 
rapidly outside the nucleus we ec.n & -iproxissete it by the 
value of the integrand at r,? ~ R» Then 



f M , iiW, ) * 2>i(J # JV*,l S£)fi( r 04 / (KK) 

“ * £ ^ 

and if ^ is restricted by the previous selection rules to 
a single value 



and 

ih a i j / <KR)I £ 

This restriction of to a single value will occur only 
if either J or J* is zero. Otherwise there ray be two or 
core possibilities. These can be further restricted, however, 
if we use the independent particle model of the nucleus. 

Assume that the nucleus consists of one or more closed shells 
with a number of nucleons in the orbital angular momentum 
state X outside the lest closed shall. Then if we as sun* 
two particle interactions between the incident alpha particle 
and the individual nucleons, i\. w t(*) will involve integrals 
of the form J ^Xr^Xn 1 ^JiQ ^ ' * ^ iV f r ‘S the value zero unless 
% * 0, f, ... , ::X. This additional selection rule is 
usually sufficient to eliminate all but a single value 
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The predictions of t.nis theory ar* nov to be ewvpared 
with the experimental data. It must b« stated that, because 
of the plane wave ep- roximtion, these results ere not expected 
to give accurate angular distributions. The predictions are 
most accurate at the forward angles and the position of the 
first maximum is most desir. ble for determining the value 
of JL involved. 

Experiments! difficulties prohibited observations at 
laboratory angles less than 14. S degrees, an angle greater 
then the predicted position of the first aaxiaa in m out of 
the interactions. In. all but one cese studied here, box ever, 
the d values can be obtained since the quantum numbers of 
the levels involved have been determined in other experiments 
(A3) • The theoretical curves were compared vith the experi- 
mental data using a value of R which gave the best fit with 
the first observable maximum and minimum* 

1. Li^(a.a l ')Li S * . The ground level of Li^ has J « 1, 
the 2.19-hev level J « 3, and the 4 • 5-Mev level J « 2, all 
of even parity. In both cases the theory predicts on angular 
distribution which varies as IJ«(KR)I * The values of H 

JC* 

required to fit the data are quite large. However, this is 

6 

not considered too serious since the ’'radius” of Li is a 

1/3 

rather nebulous concept. Using the relationship B « r Q A 
vith r Q = i # 5 x 1Q~T3 cai> alpha-particle radii of 3.0 * 10“^ 
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cm and 3.9 * 10 cm ? -ero required to fit the u» t*. for the 
4.5~Mev and t .19-Mev levels. There is some evidence (;.G, 

BO) for a large alphu-p* rticle radius based on (n*u) scat- 
tering experiments. However* the values given above are 
considered excessive. The fit obtained is quite good, How- 
ever* and is shown in Fif* £J ; end *3. 

f. C 1 ' (u.aOC^* C. « -4.43 Hev . Tho theory predicts 
an angular distribution varying as |j-(KR)| for excitation 
from the J - 0 ground level to the J = £ first excited 
level in C Figure ?4 shows the fit with experimental ob- 
servations and also illustrates the sensitivity of the spheri- 
cal Bessel function to a small change in R. The value of R 
which gave the best agreement at forward angles required an 
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alpha-particle radius of Ii.5 x 10 css for r 



o 



1.5 x kT i: 



era. This is not incompatible with the previously mentioned 
evidence for a large alpha-particle radius. It is noted 
that tho data deviate from the theoretical curve at angles 
greater than 50 degrees as expected from the discussion of 



its range of validity. 

3* C^fa.aOC^* £ « -7.85 Mcv . In this case a 
I 1 0 (KR)| ^ curve is predicted since the ground and second 
excited levels are both J « 0 + . Agreement between theory 
and experiment are illustrated in fig. £ 5 where the fit Is 
seen to be extremely good. The value of R is the same no 
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Figure 84 
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was used for the first excited level of C . w -nee the 
first »&xinun shown is actually the first maximum occurring 
beyond aero degrees for the j curve, agreement at larger 
angles should be somewhat better than in the previous case. 
This is illustrated quite veil in Fig. 15. 

f\> yf jUt 

4. Hr* '(a.aOHg*" t « -1.37 Hev . Due to the kinematics 
of the interaction, the eenter-of-mr,s* angular range of ob- 
servation is increased for interactions involving heavier 
target nuclei. For a ground level spin of J * 0 and a J * k 
excited level, both of even parity, the theory predicts a 

| j ri (KR) I *" angular distribution. The experimental dr te fit 
tho theoretical curve extremely well end this agreement con- 
tinues past tho third maximun of the spherical Bessel function 

(second maximum shown) , as indicated in Fig. 16. with a unit 

-13 

radius r Q s 1.5 x 10 on, an alpha-particle radius of 

-1 3 

1,1 x 10 cm was required to fit the curve. By bombarding 
magnesium with 44-Kev alpha particles, Gugelot (EG) has ob- 
tained almost identical results. His data are approximated 
by a | jj,(KB)| *' and require a radius approximately the ft*** rs 

in the present case. 

5. Mg £4 (g.aOMg fc4 * C c Mev . The level of exci- 

tation involved in this Interaction is actually a doublet 
(H5) . The lover level has beer, determined to be J - 4 (AJ ) 
for which the theory would predict a |j^(IJt)| anguli r 
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distribution. However, the midst- r radius required to fit 

the data to this curve is too large to bo considered physically 

possible. The agreement between experimental observation# 

and a j 0 (iu\) ^ spherical Bessel function, illustrated in 

Fig. 27 , is seen to be extremely good. The theoretical curve 

-13 

■was obtained using a unit radius r « 1.5 x 10 cm and sn 

-13 

alpha-particle radius of 1.9 x 10 ' cm. This result can be 

interpreted to indicate that the higher level, having a 
spin J = 2, is excited and that in this interaction, excitation 
of the J = 4 level Is discriminated against because of the 
higher angular momentum transfer which would be involved. 

The positions of maxima and minima obtained experimentally 
are compared with the predictions for the direct surface inter- 
action model in Table 2 and it is seer, that the agreement is 
quite good. 

Tith one exception (££), there is no known evidence to sup- 
port the direction interaction process in the inelastic scat- 
tering of protons. A study was mads of the results of many of 
the (p,p*) interactions (B7, 89, F3, F6, Gf , R4, ^8) and in none 
of these was it possible to fit the experimental data to the 
angular distributions predicted for a direct interaction. It 
appears that the (p,p») interaction proceeds by a process com- 
pletely different from that which occurs in inelastic alpha- 
particle scattering. This could be interpreted as due to a 
difference in diffuseness at the nuclear surface for protons 
ana alpha particles as discussed later in See. D. 
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Table ?• Angular positions of msxina end 

Kinicis of the inelastic slpht-p* rticle 
angular distributions compared vlih 
theoretical predictions for the direct 
surface interaction rsodel. 
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POSITIONS OF MAXIMA AND MINIMA 
IN THE INELASTIC ALPHA PARTICLE ANGULAR DISTRIBUTIONS 

EXPERIMENTAL DATA 
COMPARED WITH 

PREDICTIONS OF DIRECT SURFACE INTERACTION MODEL 



TARGET 

NUCLEUS 


EXCITATION 
LEVEL (Mev) 


MAXIMUM 

OR 

MINIMUM 


CENTER OF MASS ANGLE (Deg.) 


Experiment 


Theory 


Li 6 


2.19 


Min 


34.5 


35 




n 


Max 


44 


45 




4.5 


Min 


42.5 


41 




H 


Max 


52 


53 


c 12 


4.43 


Min 


32 


32 




n 


Max 


43 


42 




II 


Min 


66 


52 




n 


Max 


75 


62 




7.65 


Max 


24.5 


24.5 




ii 


Min 


35 


35.5 




ii 


Max 


46 


44.5 




n 


Min 


56.5 


55.5 




ii 


Max 


65 


65 


Mg 24 


1.37 


Min 


25 


25 




ii 


Max 


32 


32 




ii 


Min 


40.5 


40 




ii 


Max 


46.5 


47 




ii 


Min 


57 


55 




ii 


Max 


64.5 


63 




4.12 


Min 


29.5 


26.5 




ii 


Max 


33.5 


34 




ii 


Min 


43 


42.5 




n 


Max 


51 


50.5 




ii 


Min 


60.5 


59 




ii 


Max 


69 


67 




ii 


Min 


80 


77 




The elphf-op.rticle snectrus of Fig. lu Mid the diteussion 
of fee. 7 indicate that there is little or no breakdown of 
the isotopic spin selection rule in the inelastic scattering 
interactions observed in this investigation. In the boab«rd- 
nsent of Li , excitation of the forbidden 3* 57-i'ev level oc- 
curred with & probability of leas than 4 percent that of 

either of the two allowed levels which were strongly excited. 

14 

Similarly, excitation of the f • 31-Mev level in ll , forbidden 
by this charge independence selection rule, occurred % 1th • 
probability less than 6 percent that of the allowed 3. 55-/ ev 

level. 

The statements of Fart A of this section and the agree- 
ment between the experimental angular distributions and thute 
theoretically predicted, for the inelastic scattering ate chi ni 
described in Sec. VIB, are clearly indicative of a direct 
surface interaction process. 

These facts lend support to the recent proposal of L»ne 
p.nd Thomas (L3) that isotopic spin should be conserved in & 
direct interaction. 
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D. GLALTIC u-Ci TT<5RI!<G 

The elastic alph» -parted* &ri fc ti-.r ud3vributiv..ii ob- 
tained in this experiment, F-&3. U'-fl, exploit & structure 
similar to that ooaerveti in tho diffr* etion of li t ht by m 
opaque body. The res- sons for the smooth cross suction varia- 
tion from 60-70 degrees shown in fig, £0 are not understood* 

The diffraction pattern ia ao erently masked by interference 
with some other process occurring in the inters ctloi. ♦ ini tni a 
appears to be worthy of future investigation, * very similar 
phenomenon vas observed in the elastic scattering of deuterons 
frees oxygen (F2) but no analysis of tnose date ves »tteapf*u. 

Boce. tly, various experimenters have reported the result a 
obtained in the elastic scattering of io-40-Mev alphs particles 
by heavy nuclei (FI, 03, *?, W3) * The essentially classical 
analyses of these lets (U6, PI, V?3) have had souse success in 
qualitatively explaining the observed monotonic decrease of 
‘^coulomb increasing angle. These experimental results, 

however, era in direct contrast to the diffraction pattern* 
observed in the elastic scattering of fX- Mev protons (C4, C£) 
end 40-Kev alpha particles (II) by light nuclei; diffraction 
effects, similar to those obtained in this investigation, 
have also been noted in other elastic alpha-particle scat- 
tering experiments (BIO, El) in which the results were inter- 
preted in tons* of an optical scattering model. 
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he optics. I no-sc I cf thfc nucleus. ( 
varying decrees 01 ruccefc in 
patterns ot served in the eXc.st.ic 



FG, Ft) hr s been 
li i n: r.r, the iifir 
f,cr. tiering of ch r 



rgod 



per tides by nuclei (Ell). It. is of interest the 



loo d 



«' groeuent with experiment (04, L4) v?s obtained for such «r 
node! in tho elastic scattering of ff-Hev protons by eiuninua 
( *9) . The reel part of the complex potential, necessary to 



obtain agreement in this cf s sc, uj: represented by the square 
well potential obtained when one assumes tir i all of the 
nuclei r cJisrgc is essentially on the nuclei r surf ce. 3y 



imposing the additional requirement that tho target nucleus 
have a diffuse surface, this form of the complex potential 
also gave satisfactory agreement vith experimental cb t on 



the clastic sci tiering of protons by heavy nuclei. Porter 

(PI) has eetimntod this dif fuceneec to bo of the order of 
-13 

1 x 10 ca for the alpha-particle bombardment of het vy 
nuclei, i.e., approximately twice the value which gives satis- 
factory agreement when protons are used as the bor.br rdlng 
particles. The diffraction type phenomena occurring in the 
elastic angular distributions of the present investigation 
een uls~ be explained in terms of an optical model which is 



consistent with the model employed in the analysis of the 



inelastic scattering data. 

Largo (u,p) and (a,d) cross sections observed in this 
investigation (Figs. 8 *nd £8), and others, are interpreted 
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to in.'ic.te thr t nuclei . re oo, -un to i .*h-ouerg; .1 hr 
j-fcrticles (hi'", PI, \7 ) • The theoretic'..! tre-.tv *nt of 
data in the elastic lpha-partiel.e scattering: ^ra-viously 
centioned (26) also assumed »n opaque nucleus. The argu- 
ment v'fis th*t complete absorption occurred, for partial v«yco 
with ^ values less than that corresponding to the cl* ssical 
engul r nonaentuTa for vhich the distance of closest approach 
is equal to the sua of the alpha particle and the nucle.r.r 
rsdii. In the treatment of the data obtained, in the present 
investigation it is assumed that the nucleus car. be repre- 
sented as being completely opaque out to & radius H, with *• 
diffuse surface of thickness Ar. This model is similar to 
the optical model vhich can be deduced from, the results of a 
recent survey of total reaction cross section data (61**) » Ir. 
Table 3) the elastic angular distributions of the present ex- 
periment are compared vith those predicted for scattering from 
an op© cue sphere. Positions of the predicted maxima were ob- 
tained from the relation 



dcr 

c£l 



r x (KR sin w) 
~KR sin Z 



v. 



which is the exact expression for the s 
a quo else and very closely approximates 



cattering fro;., 
the angular dl 



an op- 
stribu- 



tions for scattering from an opaque sphere 
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Table 3. Angular positions of the Kex:.zn*. observed in 
the elastic scattering angulor distribution* 
cossnsr ed with those predicted for scattering 



f ) | 





from an 


opaque 


sphere. 




Natural Kg 




c 12 


Li 6 


C.K. Angular 
Position of 
Kfixiiia (degrees) 


C.M. Angular 
Position of 
Kaxia&a (degrees) 


C.K . Angular 
Position of 
Maxima (degrees) 




Opaque 

Sphere 




Opaque 

Sphere 


Opaque 

Sphere 




R - §.4 
X 10~- L -' CflJ 


Ix-ot. 


H 4*4 

x 10-13 cr» 


R * 4.5 

Exnt. x 10-13 c r. 


2 . 4 


14 


19 


19 


33.5 33.5 


39 


41 


48 


50 




55 


55 


mm 


68 





83 



89 



The theoretics! curves '.'ere fitted usin^ values of H 
which gave an exact fit at the position of the first ex- 
perimental maximum. These values of R are compared with 
the mean values of the interaction radii required to fit 
the Inelastic scattering theory to the experimental data. 
This comparison yields the following values for the diffuse- 
ness AH of the nuclear surface: LI** - 1.7 * 10“^ cm, 

C^*' - 1.3 x 10”^ cm, natural Mg - 0.S x 10“*“* cm. These 
results are of the order of magnitude estimated by Porter 
(?1) and are in agreement with results obtained in recent 
analysis of total reaction cross section dsta (fill). The 
increase in diffuseness with decreasing atomic number is not 
incompatible with the concept that the light nuclei are less 
concentrated. 

The difference in diffuseness of the nuclear surface to 
protons and to alpha particles was mentioned earlier in this 
section. It has also been pointed out that angular distri- 
butions obtained in the inelastic scattering of protons do 
not, in general, show the structure characteristic of a 
direct surface interaction which is observed in this experi- 
ment. It is not inconsistent with these considerations to 
speculate that the relatively thick diffuse edge of the nu- 
cleus, as seen by an alphr particle, represents a larger 
effective direct interaction "surf ace". to alpha particles 
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then to protons. 



As illustrated in Table i, the concept of £ diffuse 
surface opaque nucleus, which is consistent vith the model 
assumed for the inelastic scattering process, gives reaults 
in close agreement with th© els Stic scattering data. This 
cannot be interpreted, however, re. verifies tion of the validity 
of the elf Stic scattering model, since similar agreement with 
the data can be obtained using * corroletely different repre- 
sentation of the air stic interaction. Consider the nucleus 
os being represented by » square well potential «ith the 
coulomb potential cut off at the nuclear radius R^. In tnis 
case a differential scattering cross sect! on dtl • ‘ 

obtained in which 

f(w) • sin IH - (V 0 KR + t«*t) cos KR.] 

i K 



where K 



<*> 



■I * 7k,* + k f fc - ,?k,k f cos a 



= initial interaction wave r.usibcr 
kf * final interaction wave number 
© ** center-Qf-siasa scattering angle 
R - interaction radius 
V ** depth of potential well 



This reduces to 
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where Is the spherical Bessel f unction of order one* for 
any reasonable value for V *, It ear. be snovn (W7) thrt the 
second term, due entirely to the coulomb effect, hat :■ negligible 
effect on the angular positions of the maxima, end that the 
differential cross section nay be approximated by 



6a 










A rigorous trsrtment of this problem (f 5) , hr sed on the general 
phase shift representation of the scattering matrix, iw t bv> y n 
published complete with tables. The predictions of the above 
equation are compared with the experimental data in Ts hie 4 
where the agreement is seen to be as good as that illu*ti\ ted 
in Table 3. From, these results, it is concluded that the close 
agreement with experiment obtained for the opaque nucleus con- 
cept is insufficient evidence to validate the use of the model* 
The fact that the model is consistent with the one- employed to 
describe the inelastic scattering process may be entirely for- 
tuitous* The theoretical curves were fitted using values for R 
which correspond to the *«§.n values of the interaction radii re- 
quired to fit the inelastic scattering theory to the experimental 
data, Dies* radii are comparable with the ones obtained in the 
computation of total reaction cross sections calculated by 
£hapiro (£4) for a totally bla ck square well potential* 

* A retsor.;bl> value of Fli~3o Mev w«s used. 

(T5) for i larger well depth. 



There is evidence 
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Table 4. Angular positions of the maxima observed in the 

elastic scattering angular distributions compared 
vith those predicted for elastic statter^ng Iron 
s square veil potential* 



Natural Kg 

C.M. Angular 
Position of 
Maxima (degrees) 

Square 

Karat. veil 



£4 £ 5*8 

39 39.5 



C 1£ 

C.M. Angular 
Position of 
Maxima (degrees) 

Square 

F.xpt. veil 



rs 31.8 

48 49 



£7 

LI 0 

C.M. Angular 
Position of 
Maxima (degree) 

Square 

bxittt veil 



33.5 34 



55 



54 



83 



69.6 

91.3 
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J recent, ?nd ts yet unpublished, Stic ? lghr-pj rticle 
scattering experiment v»» performed to study the angular de- 
pendence of ( jfo) / (^^*) coulomb ^ J * ev ovcr • uf 

elements from carbon to silver (II). * composite plot of 

these data shows the details of the gr dual change from the 
diffraction to the exponential behavior -with increasing atomic 
number. The data obtained in the present investigation are 
illustrated in this sane fora in Fig. 13 to facilitate com- 
parison of the behavior at the bombarding energy of -1,5 Hey 
used in this experiment. The general characteristics of both 
composite plots ere quite similar. 



vii. conclusions 



The data obtained in this investigation and the discussion 
of bee. VIA clearly indicate that the mechanisms of compound 
nucleus formation and electric excitation & re not of primary 
importance in an analysis of the inelastic scattering of 11,5- 
Kev alpha p< rticles by light nuclei. The angular distribution 
sro similar to those predicted b/ Au stern et al. (A4) for an 
interaction in which the bombarding particle transfers an 
amount of energy to a nucleon at the surface of the nucleus. 
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Txperli&ent* 1 agrea- 



the so-called direct surface inter? etion. 
sent with the predictions of a theory based on this raoael la 
quite good, Nevertheless, the following statement a mist be 
considered as imposing « Unit on the validity of tnis model* 

1. The theory assumes an interaction with a single nucleon 
in the target nucleus. However, from purely kinematic consider' 
tions it can bo shown (H6) that the no men tun transfer involved 
requires that the energy be transferred to more than a single 
nucleon. 

£. The Born approximation is probably quite good for the 
interactions under consideration, i.e,, E ~ 30 Mev compared 
with ii afcxinuas coulomb barrier of 8 Mev. Similar agreement 
obtained with the use of coulomb wave functions would give 
strong support to the applicability of the model. This will 
bo attempted in the near future (T5) end the effect on the 
theoretical predictions should be of considerable interest* 

3* The electric interaction theory is subject to certain 
refinements which may or may not affect the magnitude end 
angular dependence of the cross sections predicted for this 
method of excitation. One of the most important of these is 
the use of an arbitrary radius of interaction. 

4. It was assumed that the compound nucleus type of 
interaction did not occur for the folloving reasons: 
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(r ) The vt rip tlon of intensity '<lth angle was not 
smooth but shoved a well defined structure* 

(b) There was no angular symmetry about 90 degrees . 

(c) No back angle maxima were found and the majority 
of the inelastic scattering -a a confined to the 
forward quadrant* 

(d) The angular distributions were insensitive to 
significant variations in the incident berm energy 

(e) The differential cross sections observed were 
large compared with those previously obtained 
for interactions known to proceed by compound 
nucleus f o rma ti on • 

The development of a formal compound nucleus theory, which 
predicts the inelastic angular distributions resulting from 
the excitation of discrete levels, could affect the above con- 
siderations* 

on the basis of the present evidence, however, it is con- 
cluded that the inele stic&lly scattered alpha particles, ob- 
served in the present investigation, result from a direct 
Interaction at the nuclear surface. Due to experimental limita 
tions, it was not possible to obtain data at angles smaller 
than 14.8 degrees. As a result, even though good agreement 
with theory was found at larger angles, it was not possible 
to verify the position of the first predicted maxima except 
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in one level of C • If these eiqperlmt'nitrl difficulties can 
be overcome, it is possible th< t sngul-. r distributions 

can yield valuable information « bout the properties of a 
number of nuclei in which the quantum numbers of the energy 
levels are as yet undetermined. 

In the two cases in vestige ted, it was seen the t the exci- 
tation of levels prohibited by the iso topic spin selection 
rale occurred with a probability of less than about 5 percent 
that of the allowed levels. These experimental results lend 
support to the statement that isotopic spin is conserved in 
direct interactions (L3)« 

The diffraction phenomena, occurring in the aagulstr dis- 
tributions of elastically scattered alpha particles, are sug- 
gestive of the use of an optical model in the description of 
elastic nuclear events. The lwge (a,p) and (a,d) cross sec- 
tions observed in this experiment can be interpreted as re- 
quiring the use of e large absorption coefficient in the 
complex scattering potential employed in the optical model. 

Both statements are compatible with the results of others 
(B6, Bir, PI, £4, VO) • The elastic angular distributions can 
be Interpreted in terms of & model consistent with the one 
employed in describing the inelastic scattering clatr, although 
this vidence is insufficient to verify the validity of the 
model. 



The results of this experiment support the increasing 
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evidence th.-t the elastic sc' tterlng of rlyh* ptrticlos can 
be described in terns of an optical aodel in which the 
imaginary pot.er.tiel is extensive and rs thei* intense. 

The conclusions which cc,n be drawn from the data obtained 
in this experiment rre susasirized as follows: 

1. The inelastic alpha-particle scattering proceeds 
primarily by t direct surface interaction process, with the 
possibility of some smell contributions fro* compound nucleus 
formation or electric excitation, 

f. It is possible to obtain useful information ebout the 
properties of the energy levels of nuclei from a study of the 
(a, a*) angular distributions# 

3. Isotopic spin is conserved in these interactions. 

4. The (p,p*) end (a,.t*) reactions proceed by completely 
different processes. 

5. The elastic alpha-pa r tide scattering can be inter- 
preted in terms of s potential square well scattering center 
or in terms of an optical ssodei and a complex scattering 

potential. 
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THE CCiTSR-OF-MAfcfc CO'dilXKATr FXFT "21 



Experimental data must be converted from the laboratory 
to the particle or c«nter-of-*Ki s» frame of reference for 
comparison with theoretical angular distribution predictions* 
The form of the corrections to b© apr, lied to the experimental 
data is suasn&ri red by Schiff (t 3) . A Cwtnpil* tion of these 
corrections, suitable for interpolo tion, has been prepared 
(M5) and a nomogram, suitable for rough but rapid conversion, 
ho been published (F7), To eliminate an additional source 
of error in the results of the present experiment, conversion 
to the particle coordinate system vas accomplished using 
correction curves plotted from the exact formulae. The fol- 
lowing symbols are used in this appendix, where the required 
corrections are derived from elementary principles: 
mass of bombarding particle 
sir, auf*s of target nucleus 
ru mass of observed particle 
mass of residual nucleus 
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V 1 ••• v 4 


tho velocities of a-, ... neq sured in the 

laboratory frame of reference 


v c 


velocity of the center of a&ss measured in the 
laboratory coordinate system 


V x ... v 4 


the velocities of a, zs 4 measured in the center 

of -Knee system 




the reaction %. value as calculated from the ntss 
tables and expressed in Kev 


E 

0 


the total initial kinetic energy measured in the 

laboratory 


E 


tho total initial kinetic energy of the system 
measured in the center of mass 


r*! 

*0 


the laboratory angle of observation of particle 


9 


the center- 0 f-aoss angle corresponding to the 


dtu 


lc bora tor y angle 9^ 

the unit solid angle measured in the laboratory 
coordinates 


dll 


the unit solid angle measured in the centcr-of- 
mass coordinates 


Y 


defined by equation (4) 


g(« 0 ) 


defined by equation (If; 
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In the labor t tor y the bombarding p rticle of m? iv 

moving vith velocity collides vith a target nucleus of 

Etss cu-. at rest. The center of &-♦$$ of the tvo particles 
£> 

moves vith a velocity so thi t the linear r.oEcntua of the 
system is ~ (ci^ + r ‘Tp v c* therefore 



a. 

v - av, where a * ■*—— * (1) 

x &-, ■♦• au 

X 

In the center of mass, prior to the collision the velocity 

of is 

v i “ < v i - V “ v i (1 - a) 

Since is initially at rest in the laboratory system, the 
center-of-nu ss velocity of us*, is simply 




v 



c 



The center of mass is, by definition, stationary in the 
center-of-sass frame of reference. Therefore, in the center- 
of-ssss coordinates, the total linear momentum is zero. /»ftvr 
the collision, this requires thrt 



n 3 V 3 - « 4 V 4 or V 4 =^ Vj 



where end refer to the see tiered or observed particle 
end si 4 end refer to the residual particle. ‘ 
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From energy conferva tier: cwn*-i-=srf tion* 



Ar; V 4- Jt'-w V ^ S= V *' 4- io> V f, 

ic: j. 1 £ k* <C *, J J *> M % 

which reduces to 



However 
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X £. 
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the total initial cent er-of-raa sc kinetic energy of the system 

therefore 



V 



3 



<1 

<c 




E t 



m-j + xa 
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In fig. 30 the unifora notion v of the center of erss 

c 

In the laboratory system is superimposed on the angular and 
velocity relations in the cent er-o f-a«. s s coordinate system. 
It is seen that labor* tory velocities can bo obtained by 
vectorially adding to the center of mass 
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iff: 




Applying the law of sines to Fig. 30 

sin © 0 sin (9 - © 0 ) 

— = 

3 c 

or 

sin (0 - 0 o ) = sin Q q (3) 

Considering only nonrelativistic interactions, where 
Q = (m^ + mg - - m^) is small compared with the rest 

energy of any of the particles involved, it is assumed 

that m i + m 2 — + Substituting v Q from equation (l) 

and from equation (2) 
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(4) 



i 10 



is, m.. & 

1 .... U 

t + q 



-X/f: 



y 



and equation ( 3 ) reduces to the useful fora 

sir. (w - w_) = y Bin « . (6) 

U i.* 

In the esse of scattering, *nii « a, so that 



EH *mu 

**lr? 



0 



E > <i 



X/S? 



By use of the trigonometric identity for the difference of 
tvo angles, equation (5) reduces to 



tan £„ 



sin * 



o y + cos 

vihich is identical with equation 18*4 of tehiff (l-j) 
be conveniently represented as sho*n in Fig. 31* 



( 6 ) 

and can 



sin 0 

T+ cos 0 

Figure 31 

Equation (5) can then be plotted for each value of y 
determined by the energy levels of the target nucleus as 
illustrated in Fig. 3£. The conversion frors Irbor&tory to 
center-of-essss angle can be obtained directly from the curve 
with an accuracy of better than +3.F5 degree. 
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R£LATXvK BET* sen L/BuB* TbSi. .*1 Ci 
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CROSS'. fcECTlvXS 



At & toward *ng le of observation, tho finite counter 
aperture subtend# a larger solid a&gle in the eentar-of-ne s& 
coordinates than in the laboratory #yste». This effect is 



soot isportast in reactions involving light nuclei since it 
is due entirely to the velocity of the center of a»:»c in 
the labors tory franc of reference* The relation bet' een 
the differential cross section in the tvo reference fr .r.es 
can be obtained directly frora its definition. 

In the laboratory systes, the differential solid angle is 

ddJ st far sin 

o o 

since <p is cowcon to both reference frar.es* In tho center- 
of-aasa systers 



therefore 



'22 « £jt sin <m d9 




sin «• d<5> 

o Q 

sir. v d« 



(V) 



Pros Fig. 31 



cot & « v esc * + cot $ 



sn:i by differentiation of equation ( 0 ) 
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d**„ sin* *_ 
rr « -(i + y cos <*) 
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Figure 33 can be obtained directly from equation (8) : 



? ir* 




Figure 33 

and Fig. 34 is obtained directly from equation (5): 



sin © 



I ♦ X COS © 

Figure 34 

Substituting equation (9) into equation (7) 

= *—2(l + Y cos 0) (10) 

dA4 sin^ © 

It is necessary to obtain the value of (Q - © ) in 
converting from laboratory to center-of-mass angle. 
Equation (10) is easily expressed in terms of (© - <aj) by 
use of the following relation obtained from Fig. 33: 
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( 11 ) 



14 



sir. 



Sin W, — — \ -~y 

v i + r y co«_ : vt + v 

i ubstitution of equation (11) into e* ur. tion (id) yi-lor 



f{ , . sir, 1 

&iL * - — *#»• (<* - O • *CO 

sin* a 



(12 ) 



The intensity in the centcr-of-mass system is found by 
multiplying the measured intensity by the factor g which 
for a given reaction depends on y fnd ^ . . plot of £{■* ), 

U V 

£'* 

computed for three levels of excitation of the Li^ nucleus, 
is illustrated in Fig. 35* 
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